Twenty-one cucurbitacin IIa derivatives were synthesized and screened for cytotoxic activity. Their structures were established using 1 H NMR, 13 C NMR, and LC-MS spectroscopic data. The absolute configuration of the derivatives was determined by single crystal diffraction. In sulforhodamine B (SRB) assays, nearly all compounds displayed low cytotoxicity toward normal human cells (HEK293). However, some derivatives displayed high cytotoxicity, in the low mM range, toward several human tumor cell lines (SKOV3, HT29, HEPG2, MCF-7, and LOVO). Low IC 50 values were obtained, especially for acetylprotected product 2, 2,4,6-trichlorophenylhydrazine derivative 4a, and 2-hydrazinopyridine derivative 4d.
Introduction
Cancer is among the most challenging diseases in modern medicine. Cancer is a presently incurable disease that affects hundreds of millions of families annually. Therefore, the discovery of effective anticancer drugs is an important medical research area. Chemotherapy is among the most common methods for treating cancer. With the extensive study of traditional Chinese medicine, compounds with obvious anticancer activities have been identied in many Chinese herbal medicines. Examples include camptothecins (lactone alkaloids from Camptotheca acuminata), taxanes (diterpenes rst derived from the Pacic yew tree, Taxus brevifolia), and vinca alkaloids. [1] [2] [3] Many natural products have provided skeletons and structural references for the invention of modern drugs. 4 Hemsleya, known as 'xue dan' in China, belongs to the cucurbitaceous family. The roots of Hemsleya species are an especially rich source of triterpenoid saponins. Some triterpenoid saponins from Hemsleya have shown various biological activities, including anticarcinogenic, anti-inammatory, cytotoxicity, and anti HBV activities. Cucurbitacin IIa (23,24-dihydroxycucurbitacin F-25-acetate), a natural pentacyclic triterpenoid, has ve active sites, namely, C-2 hydroxyl, C-3 hydroxyl, C-16 hydroxyl, ring-B double bond, and C-22 aldehyde groups, which are amenable to a wide range of chemical transformations. The structure of cucurbitacin IIa is shown in Fig. 1 . Cucurbitacin IIa mainly exists in the rhizomes of cucurbitaceous plant Hemsleya. This compound has bacteriostasis, antigastric ulcer, heat-clearing, detoxication, pain-relief and anti-HIV functions, is widely used in the treatment of hepatitis, coronary heart disease, and tracheitis, [5] [6] [7] and has a prominent anticancer cell proliferation effect. [8] [9] [10] [11] The cytotoxicity and anti-hepatitis B virus properties of cucurbitacin IIa are of particular interest. In previous study, the C-2 hydroxyl, C-3 hydroxyl, and C-16 hydroxyl groups were used to prepare different types of ester. Most derivatives showed enhanced anti-HBV activities and exhibited signicant inhibition of HBV DNA replication, comparable to that of positive control tenofovir. In this study we found that the IC 50 values of cucurbitacin IIA toward HeLa and A549 cells were 0.389 and 0.108 mmol L À1 , respectively. 5 This strong evidence shows that cucurbitacin IIA and its derivatives have the potential to become new drugs.
Cucurbitacin IIa is found at high concentration in Hemsleya, making it easy to obtain. 12 In this study, the C-2, C-3, and C-16 hydroxyl groups were protected with acetyl groups. Different types of oxime and hydrazone branches were designed by replacing the branched chain at C20-C22. Furthermore, we evaluated the inhibitory activities of these cucurbitacin IIa derivatives against ve human cancer cell lines for the rst time. The mechanism of cell apoptosis induced by these cucurbitacin IIa derivatives was also investigated.
Experimental

Materials and physical measurements
All commercial materials were used without further purication. Cucurbitacin IIa was extracted by our group 8 and veried by single crystal diffraction. All solvents were of analytical grade. Proton and carbon nuclear magnetic resonance ( 1 H and 13 C NMR) spectra were recorded using a Bruker Avance DRX-400 instrument or a Bruker Avance DRX600 instrument with tetramethylsilane (TMS) as the internal standard. The chemical shis (d) are reported in parts per million (ppm) relative to the relevant solvent peak (CD 3 OD, CDCl 3 , or pyridine-d 5 ). Coupling constants (J) are given in Hz. Mass spectrometry (MS) was performed using an API 4000 spectrometer. Thin-layer chromatography (TLC) was performed using silica gel GF254 plates (layer thickness, 0.2 mm). Column chromatography was performed using silica gel (200-300 mesh, Qingdao Marine Chemical Industry Factory, Qingdao, China).
Syntheses and characterization
Synthesis of compound 3. Acetic anhydride (2 mL) and DMAP (22 mg, 0.18 mmol) were added to a solution of cucurbitacin IIa (500 mg, 8.9 Â 10 À4 mol) in pyridine (15 mL) at 25 C. The resulting solution was stirred for 10 min. The mixture was concentrated under reduced pressure, diluted with EtOAc, ltered, and concentrated under reduced pressure to obtain 2. Sodium borohydride (112 mg, 3.48 Â 10 À3 mol) was then added to a solution of 2 in methanol (5 mL) . Aer stirring at 0 C for 6 h, the reaction was quenched with water (10 mL) and extracted with EtOAc (3 Â 10 mL). The combined organic phase was concentrated under reduced pressure. The resultant residue was dissolved in water and tetrahydrofuran (50 mL, 1 : 1 (v/v)), and reacted overnight with sodium periodate (355 mg, 1.65 mmol) at room temperature. The reaction was quenched with water (10 mL) and extracted with EtOAc (3 Â 10 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 Synthesis of compound 8. To a solution of 3 (940 mg, 1.5 Â 10 À3 mol) in methanol (10 mL) was added sodium hypochlorite (6 mL) dropwise at 25 C. The resulting solution was stirred for 30 min. Complete consumption of the starting material was detected by TLC. The reaction liquid was concentrated under reduced pressure, the resultant residue was quenched with water (50 mL) and extracted with EtOAc (3 Â 30 mL), and the combined organic phase was concentrated under reduced pressure. The crude product and sodium hydroxide (320 mg, 8 Â 10 À3 mol) were added to methanol (30 mL). The resulting solution was stirred at 80 C for 5 h. 14, 15 Complete consumption of the starting material was detected by TLC. Aer cooling to ambient temperature, the reaction was neutralized with 1 M HCl and extracted with EtOAc (3 Â 20 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 OH ¼ 10 : 1, v/v) to afford 8 (475 mg, 78%) as a white solid.
Synthesis of compound 4a. Under a nitrogen atmosphere a mixture of 3 (40 mg, 7.5 Â 10 À5 mol) and 2,4,6-trichlorophenylhydrazine (32 mg, 1.5 Â 10 À4 mol) in acetic acid (4.0 mL) was stirred at ambient temperature for 24 h. The reaction was then quenched with water (15 mL) and extracted with EtOAc (3 Â 15 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 OH ¼ 80 : 1, v/v) to afford 4a as a white solid (43 mg, 80%). Synthesis of compounds 5a and 5b. Under a nitrogen atmosphere, a mixture of 3 (100 mg, 1.9 Â 10 À4 mol) and hydroxylamine hydrochloride (26.2 mg, 3.8 Â 10 À4 mol) in pyridine (8.0 mL) was stirred at 50 C for 10 h. Aer cooling to ambient temperature, the reaction was quenched with water (30 mL) and extracted with EtOAc (3 Â 30 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 OH ¼ 80 : 1, v/v) to afford 5a (57 mg, 55%) and 5b (43 mg, 42%) as white solids. 13 13 Synthesis of compound 6a. Under a nitrogen atmosphere, a mixture of 5a (50 mg, 0.09 mmol) and sodium hydroxide (18.3 mg, 0.46 mmol) in methanol (4.0 mL) was stirred at ambient temperature for 6 h. The reaction was then quenched with water (10 mL) and extracted with EtOAc (3 Â 10 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 13 Synthesis of compound 6b. Under a nitrogen atmosphere, a mixture of 5b (50 mg, 0.09 mmol) and sodium hydroxide (18.3 mg, 0.46 mmol) in methanol (4.0 mL) was stirred at ambient temperature, the reaction was quenched with water (10 mL) and extracted with EtOAc (3 Â 10 mL). The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: 13 Synthesis of compound 9a. Under a nitrogen atmosphere, a mixture of 8 (50 mg, 0.123 mmol), N-propylamine (11.1 mL, 0.135 mmol), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM; 37.4 mg, 0.135 mmol), and N-methylmorpholine (30 mL) in methanol (5.0 mL) was stirred at ambient temperature for 10 h. The reaction was then quenched with water (20 mL) and extracted with EtOAc (3 Â 10 mL). 17, 18 The combined organic phase was concentrated under reduced pressure and the resultant residue was subjected to purication by silica gel column chromatography (eluent: CH 2 Cl 2 /CH 3 13 ). 13 1 
Bioassay
Cell culture. LOVO, SKOV3, HT-29, MCF-7, and HepG2 (purchased from the Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were cultured in minimum essential medium (modied) with 1.5 mM L-glutamine adjusted to contain 2.2 g L À1 sodium bicarbonate (90%) and fetal bovine serum (10%). All cells were cultured in a humidied atmosphere containing 5% CO 2 at 37 C.
Antiproliferative activity assay on tumor cell lines
The antiproliferative activities of all synthesized cucurbitacin IIa derivatives against SKOV3 (ovarian carcinoma), LOVO (colon carcinoma), HT-29 (colon carcinoma), MCF-7 (breast carcinoma), and HepG2 (hepatic carcinoma) cells were measured using the sulforhodamine B (SRB) assay with cisplatin as reference. Cells were seeded in 96-well plates and then treated with different drug concentrations. Aer incubation for 72 h, cells were xed with 10% trichloroacetic acid for 1 h at 4 C, washed ve times with tap water, and air-dried. Cells that survived were stained with 0.4% (w/v) sulforhodamine B (SRB) for 20 min at room temperature and washed ve times with 1% acetic acid. Bound SRB was solubilized with 10 mM Tris and absorbance was measured at 540 nm. 19 Cell cycle SKOV3 cells at the density of 1 Â 10 6 cells per well were seeded in six-well plates and treated with 4a (1, 2, 4, and 8 mM) and control for 48 h at 37 C, the supernatant was removed and the cells were washed with cold PBS three times. The cells were then harvested and xed with 70% precooled ethanol and cultured overnight at À20 C. SKOV3 cells were then treated with RNase A and stained with propidium iodide (PI). Finally, the suspended cell was analyzed using a ow cytometer (FACS Calibur, BD Biosciences).
Cell apoptosis
SKOV3 cells at a density of 1 Â 10 6 cells per well were seeded into each well of a six-well plate and allowed to grow for 48 h. The cells were then treated with 4a (1, 4, 6, 10, and 20 mM) for 48 h, while cells without treatment were used as a control group. The treated cells were trypsinized and washed with cold PBS three times, and centrifuged at 1200 rpm for 5 min. The supernatants were discarded, and the cells were stained using an Annexin-V-uorescein isothiocyanate (FITC) kit with binding buffer for 15 min. Subsequently, the cells were labeled with PI and the apoptotic cells were measured using a ow cytometer (FACSCalibur BD, USA). Data were analyzed with ModFit Lt Mac V3.0.
Kinase inhibitory activities
Kinases CDK1/cyclinB, AMPKa2, EGFR, GSK3a, JAK2, and PKBa were diluted with a buffer comprising 20 mM MOPS, 1 mM EDTA, 0.01% Brij-35, 5% glycerol, 0.1% b-mercaptoethanol, and 1 mg per mL BSA before adding to the reaction mixture. Kinase mTOR was diluted with a buffer comprising 500 mM HEPES, 10 mM EGTA, and 0.1% Tween20 before adding to the reaction mixture. Kinase MAPK1 was diluted with a buffer comprising 50 mM TRIS, 0.1 mM EGTA, 0.1 mM Na 3 VO 4 , 0.1% b-mercaptoethanol, and 1 mg per mL BSA before adding to the reaction mixture. CDK1/cyclinB(h) was incubated with 8 mM MOPS (pH 7.0), 0.2 mM EDTA, 0.1 mg per mL histone H1, 10 mM magnesium acetate, and [g-33 P]-ATP (specic activity and concentration as required). The reaction was initiated by adding the Mg/ATP mix. Aer incubating for 40 min at room temperature, the reaction was stopped by adding phosphoric acid to a concentration of 0.5%. A 10 mL sample of the reaction was then spotted onto a P30 ltermat and washed with 0.425% phosphoric acid four times for 4 min, and once in methanol, prior to drying and scintillation counting.
Results and discussion
Twenty-one cucurbitacin IIa derivatives were synthesized through a series of reactions, as outlined in Schemes 1-5. All compounds were obtained in different yields. Cucurbitacin IIa (1) was extracted from Hemsleya by our research group 8 and veried by single-crystal X-ray diffraction. For compound 1, the signals for H-2, H-3, and H-6 were observed at d 4.10 (1H, ddd, J ¼ 11.4, 9.1, 4.1 Hz), 3.43 (1H, d, J ¼ 9.1 Hz), and 5.74 (1H, dt, J ¼ 6.2, 2.1 Hz), respectively. The related carbon signals were also evident in the 13 C NMR spectra, with C-2, C-3, and C-6 observed at d 80.0, 81.4, and 118.7, respectively. Compound 3 was synthesized according to the synthetic route outlined in Scheme 1. Cucurbitacin IIa (1) was reacted with 0.2 equiv. of DMAP and 6 equiv. of acetic anhydride in the presence of pyridine at 25 C to afford compound 2. Next, the intermediate was prepared by reacting 2 with sodium borohydride in methanol at 0 C, followed by reacting with 2 equiv. of sodium periodate in tetrahydrofuran and water as mixed solvent to obtain compound 3 in 83% yield. 12 In the 1 H NMR spectrum for compound 3, the H-2 proton signal was observed at d 5.47 instead of d 4.10.
Consecutive reactions of intermediate compound 3 with hydrazine in AcOH at room temperature gave the corresponding hydrazones 4a-4f in 74-91% yields respectively. 4 Their 13 C NMR spectra showed characteristic carbon signals at d 147.3-157.9, attributed to C-20. Derivative 4b was subjected to purication by recrystallization in CH 2 Cl 2 /CH 3 OH/n-hexane (1 : 0.1 : 3, v/v/v) at 4 C, which afforded the product as yellow crystals. The absolute conguration of 4b was determined by single-crystal X-ray diffraction, and spatial congurations of the parent nuclei of derivatives were determined. By measuring the single crystal diffraction of 4b, we speculated and determined the spatial conguration of compounds 4a-4f.
Compounds 3 were mixed with hydroxylamine hydrochloride in pyridine at 50 C to give compounds 5a and 5b in 55% and 42% yields, respectively. The structures of compounds 5a and 5b were conrmed by their respective 13 C NMR spectra, which showed characteristic C-21 carbon signals at d 15.6 and 19.8, respectively. To conrm the signicant differences between 5a and 5b, derivative 5a was subjected to purication by recrystallization in CHCl 2 /CH 3 OH/n-hexane (1 : 0.1 : 3, v/v/v) at 4 C, which afforded the product as white crystals. The absolute conguration of 5a was determined by single-crystal Xray diffraction, and the spatial congurations of the parent nuclei of derivatives were determined. The differences in chirality between 5a and 5b were also determined ( Fig. 3) . 16 Compounds 5a and 5b were treated with sodium hydroxide in methanol at 50 C to afford compounds 6a and 6b in 93% and 91% yields, respectively. The 13 C NMR spectra of compounds 6a and 6b showed carbon signals characteristic of C-21 at d 15.9 and 19.9, respectively.
Consecutive reactions of intermediate 3 with sodium hypochlorite in methanol at room temperature gave the corresponding methyl ester (7) in 93% yield. Compound 7 was hydrolyzed with sodium hydroxide in methanol at 80 C to obtain corresponding carboxylic acid 8 in 78% yield.
Consecutive reactions of intermediate compound 8 with DMTMM, N-methylmorpholine, and amine in methanol at room temperature gave corresponding amides 9a-9h in 75-93% yields respectively. Their 13 C NMR spectra showed characteristic carbon signals at d 170.7-172.4 attributed to C-20.
Cytotoxic activity
The sulforhodamine B (SRB) assay is a method for detecting cell proliferation. SRB is a pink anionic dye that is readily soluble in water and specically binds to basic amino acids of proteins in cells under acidic conditions, producing an absorption peak at 540 nm, and absorbing light linearly with cell mass. SRB can also be used as a quantitative test for the number of cells. The Fig. 4 Effect of derivative 4a on SKOV3 cell cycle. anticancer activities of the synthesized compounds were studied by SRB assay using the following human cancer cell lines in cell culture: 20 SKOV3 (an ovarian cancer cell line), LOVO (a colon cancer cell line), HT-29 (a colon cancer cell line), MCF-7 (a breast cancer cell line), and HepG2 (a liver cancer cell line). Cisplatin and cucurbitacin IIa were used as reference standards in this study. We rst measured the inhibitory rate of cucurbitacin IIa derivatives at a concentration of 10 mM, with the obtained suppression ratio values shown in Table 1 . The IC 50 values of cells were then determined for derivatives with suppression ratio values of more than 50%. The obtained IC 50 values are shown in Table 2 . Three cucurbitacin IIa derivatives showed dose-dependent (1.2-13.7 mM) anticancer activities against the ve cancer cells, with lower toxicity against human normal HEK293 cells (human embryonic kidney cell line). Among the tested compounds, compounds 3 and 7 without branched chains were not cytotoxic, and acetylated compound 2 still showed good activity against SKOV3 cells, indicating that the branched chain was an important pharmacophore of cucurbitacin IIa. The IC 50 values of 2,4,6-trichlorophenylhydrazine derivative 4a and 2-hydrazinopyridine derivative 4d against LOVO cells were 3.9 AE 0.15 mM and 2.2 AE 0.20 mM, respectively, and their cytotoxicity toward human normal cells HEK293 was signicantly reduced, indicating that changing the branched chain of cucurbitacin IIa to hydrazone derivatives is an important strategy.
Effect of derivative 4a on SKOV3 cell cycle
The data in Table 2 shows that 4a has signicant antiproliferative activity against SKOV3 cells. Therefore, we continued to study the biological effects of 4a on SKOV3 cells. A PI staining kit was used to investigate the effect of 4a on cell cycle distribution. SKOV3 cells were stained with PI and analyzed using a ow cytometer, aer treating with 4a (1, 2, 4, and 8 mM) or the control for 48 h. As shown in Fig. 4 , with increasing concentration of 4a, cells in the G1 phase accumulated less compared with the control group (73.8%), ranging from 69.15% (0.1 mM) to 73.8% (3 mM), exhibiting a concentration-dependent change. However, cells in the G2 and S phases showed little change. From the above results, the cytotoxicity mechanism of 4a might not involve inuencing the cell cycle.
SKOV3 cell apoptosis induced by compound 4a
SKOV3 cells were examined using an Annexin V-FITC/PI FACS assay aer treating with 4a (1, 4, 6, 10, 20 mM) for 48 h, with the aim to explore the cell death mechanism. As shown in Fig. 5 , with increasing concentration of 4a, the percentage apoptotic population in SKOV3 cells was signicantly increased, ranging from 10.05% to 17.3% aer 48 h. The apoptotic rate of SKOV3 cells was positively correlated with the concentration of 4a in a dose-dependent manner.
Determination of kinase inhibitory activity
To explore structure-activity relationships (SAR), cucurbitacin IIa and its derivatives (2, 4a, and 4d) were evaluated for inhibition of CDK1/cyclinB(h), AMPKa2(h), EGFR(h), GSK3a(h), JAK2(h), MAPK1(h), mTOR(h), PKBa(h), and PI3K p110a(E542K)/p85a by conducting preliminary tests. [20] [21] [22] As shown in Tables 2 and 3 , the selectivity of the antiproliferative a Activity% values were obtained from twice independent experiments, and activity% ¼ {(count C À count B )/(count P À count B )} Â 100%. Count C : the counts of testing compounds. Count P : the counts of positive control. Count B : the counts of blank. activity of compound 2 was better than that of cucurbitacin IIa. Furthermore, the CDK1/cyclinB (H) inhibition by 2 was better than that by cucurbitacin IIa, which did not inhibit cell proliferation in this fashion. Furthermore, cucurbitacin IIa and its derivatives showed no inhibitory activity against kinase JAK2. 11 The tetracyclic structure is not changed from 1 to 4d, which both show inhibitory activity against CDK1/cyclinB, indicating that the tetracyclic structure might be a matching site for CDK1/ cyclinB, and that this activity is of great signicance to the later modication and mechanism of cucurbitacin IIa.
Conclusions
Cucurbitacin IIa is abundant in Hemsleya. Although it can inhibit cancer cell activity, it cannot be used as an anticancer drug owing to its high toxicity. The toxicity of imine derivatives obtained from cucurbitacin IIa as precursor toward HEK293 cells was signicantly reduced, and the cancer cell inhibition activity was maintained, indicating that the imine derivatives showed improved selectivity. Aer the cucurbitacin IIa side chain was removed, its anticancer activity decreased, proving that the branched chain of cucurbitacin IIa is an important pharmacodynamic group. Protecting the 2-, 3-, and 16-hydroxyl groups of cucurbitacin IIa resulted in only inhibition of human ovarian cancer (SKOV3) cells, and the synthesized derivatives no longer showed broad-spectrum activity, which indicated that its anticancer mechanism had changed. Presently, the modication of natural products is still a focus of drug research and development. This experiment mainly involved changing the structure of cucurbitacin-type tetracyclic triterpenoids, and provided a novel tetracyclic framework derived from a natural product. Through studying its pharmacological activity, cucurbitacin IIa can be concluded to have advantages of good activity, well-dened chirality, and easy access. The late-stage modication of cucurbitane-type tetracyclic triterpenoids provides a useful reference for future research.
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